Delta Scuti (δ Sct) stars are intermediate-mass pulsators, whose intrinsic oscillations have been studied for decades. However, modelling their pulsations remains a real theoretical challenge, thereby even 1 hampering the precise determination of global stellar parameters. In this work, we used space photometry observations of eclipsing binaries with a δ Sct component to obtain reliable physical parameters and oscillation frequencies. Using that information, we derived an observational scaling relation between the stellar mean density and a frequency pattern in the oscillation spectrum. This pattern is analogous to the solar-like large separation but in the low order regime. We also show that this relation is independent of the rotation rate. These findings open the possibility of accurately characterizing this type of pulsator and validate the frequency pattern as a new observable for δ Sct stars.
Introduction
δ Sct stars are intermediate-mass, main-sequence stars with particularly interesting internal physical properties. After white dwarfs, δ Sct stars are the second most numerous pulsators in the Galaxy (Breger 1979) . Although considered as potential "standard candles", their complex oscillation spectra are dominated by non-radial modes, which hamper the identification of modes, and hence the period-luminosity relation.
Classical theories on stellar interiors and pulsations are not of much help in our understanding of the pulsation spectra of these stars. δ Sct stars are A-F type stars, commonly known to be fast rotators (Royer et al. 2007 ). The centrifugal force deforms the stellar structure to such a point that 1D asteroseismic modeling fails to correctly describe their oscillations.
Nonetheless, various efforts have been made to overcome these issues. Periodic patterns within the frequency sets of δ Sct stars have been systematically searched for from the ground with partial success (Handler et al. 1997; Breger et al. 1999) . In the era of high-precision photometry from space missions like CoRoT (Baglin 2006) and Kepler (Koch et al. 2010) , such patterns have been detected more successfully and characterized (García Hernández et al. 2009; García Hernández et al. 2013a,b, hereafter GH09, GH13a and GH13b, respectively) . However, the connection between this periodicity and stellar properties has never been established with observations of δ Sct frequencies.
This is due to the fact that δ Sct stars pulsate around the fundamental radial mode (i.e., low order regime), where no obvious spacings are expected. The opposite case is represented by solar-like pulsators, whose pressure modes (p modes) fall in the so-called asymptotic regime, where n ≫ ℓ. A pattern is clearly visible there, forming the large frequency separation (∆ν), an almost constant spacing between modes of consecutive radial orders (n) of the same spherical degree (ℓ). A scaling relation can also be obtained, relating ∆ν with the mean density of the star (ρ) in a simple way (Tassoul 1980) . Although p modes are expected to scale, in general, with the mean density of the star, other effects, such as rotation, will change the value and number of pulsation frequencies. Therefore, a direct dependency of the frequencies on the mean density requires validation, when using low order modes of δ Sct stars.
From a theoretical point of view, various works have also pointed out that this pattern could indeed be linked to the mean density in a simple way. For instance, a recent theoretical work using the most advanced 2D pulsating models suggested that a large separation within the p modes of rapid rotators could be related in a simple way to the mean density of the star (Reese et al. 2008) . Moreover, that relation is the same at any rotation rate. A very recently published work by Ouazzani et al. (2015) used realistic distorted pulsating models to build Echelle diagrams. They showed that a large separation structure formed by the so-called island modes (Lignières et al. 2006) appeared in the rapid rotation case. Moreover, similarly to the solar-like relation, Lignières & Georgeot (2008 , 2009 showed that this value is proportional to the inverse of the sound travel time along the underlying ray path. Other studies, using a grid of non-rotating models, found an equivalent scaling relation between ∆ν of δ Sct stars, i.e., in the low order regime, andρ of the corresponding model (Suárez et al. 2014) .
In this work, we provide an empirical counterpart to the previous results, by studying a sample of eclipsing binary stars for which patterns have been detected. Reliable stellar densities obtained from binarity are compared with those predicted by patterns. Additionally, we needed these systems to be observed with highprecision photometry, so we only selected systems observed by space missions such as MOST (Walker et al. 2003) , CoRoT (Baglin 2006) and Kepler (Koch et al. 2010) . In what follows, we confirm all the theoretical results and compare our findings with the solar-like scaling relation.
The sample
The observational validation of the ∆ν-ρ relation for δ Sct stars needs to be independent of stellar interior or pulsation modelling. To achieve such an objective, we searched for and selected eclipsing binary systems with a δ Sct component. Eclipsing binaries allow us to determine the mass and the radius of both components by means of geometrical considerations, Kepler's Third Law, and stellar atmosphere models. These significantly reduce the effects of rotation on inferred properties. Using the mass and the radius of eclipsing binaries, we were able to obtain a modelindependent determination (in terms of stellar interior and evolution theories) of the mean density of the pulsating component.
The second variable needed to derive a large separation-mean density relation is the large separation contained within the frequency spectrum of the δ Sct component. We followed the method described in GH09 and GH13a to derive this value. As in the case analyzed by these authors, space observations were needed to ensure a statistically significant number of frequencies. This does not necessarily imply a huge number, but one that is sufficient to enable us to find a quasiperiodic behaviour. Consequently, the selected sample is composed of systems observed with the MOST, CoRoT and Kepler satellites.
We found a total of 7 systems fulfilling the above conditions: 6 eclipsing binaries and a binary for which the main δ Sct component was resolved using optical interferometry. The relevant information used in this work, mainly the mass, the radius, the large separation, and the corresponding references are summarized in Table 1 .
Frequencies selection
The effectiveness of the Fourier transform method at detecting the pattern in the frequency sets depends on the reliability of the frequencies used. We need to avoid frequencies that do not correspond to true intrinsic pulsation modes of the star, such as harmonics or combinations. We also need to restrict our analysis to the p mode region. To that end, we cleaned the frequency sets before carrying out our analysis.
All of the stars in the sample showed two well separated domains in their frequency sets. The set at lower frequencies was identified as the g mode region, whereas the other set as the corresponding p mode range. We only used frequencies lying within the p mode region in our search for periodicities.
Only HD 159561 (α Oph) did not show a clear separation between p and g modes (Monnier et al. 2010) . Instead, the authors identified a region in the low order regime, up to 193 µHz (12 d −1 ), with frequencies clustered around certain values. They interpreted the separation between consecutive clusters as the rotational splitting and the modes in this regime as a set of g modes. Monnier et al. also estimated the fundamental radial mode as ∼ 116 µHz (10 d −1 ). We thus avoided frequencies below this limit and those marked as probable gravity modes in our analysis. This enhanced the peak of the periodic pattern in the Fourier analysis (see Sec. 4). In any case, the frequency pattern is also detectable, although with some difficulty, when the complete set is used.
There was a large variety in the number of detected frequencies for each pulsators. The stars KIC 3858884 , CID 100866999 (Chapellier & Mathias 2013) and CID 105906206 (da Silva et al. 2014 , where CID represents the CoRoT ID number) showed hundred of frequencies. But the most populated spectrum was shown by HD 159561 (Monnier et al. 2010) , with almost two thousand frequencies.
Nonetheless, after subtracting harmonics and combinations, as well as removing gravity modes, the number of independent modes decreased drastically. Two stars, KIC 3858884 and CID 105906206, remained with more than two hundred frequencies. We note that, even in those cases, the frequency pattern appeared clearly when using the subsets of the 30 and 60 highest-amplitude peaks for the Fourier analysis (see GH09 and GH13a).
For this reason, we only used the 50 highest amplitude modes in the case of HD 172189 (see Appendix). All these frequencies, except f 25 = 3.91 µHz (0.3378 d −1 ), are above 160 µHz (∼14 d −1 ). Thus, we considered them as pressure modes.
Obtaining the frequency pattern
Obtaining the large separation in the low order regime is a complex part of the analysis. We do not expect to see a large number of modes well aligned in the frequency spectrum (GH09), as in the case of solar-like stars. We performed the analysis described in GH09 and GH13a for the detection of the periodicity. In addition, we built Echelle diagrams which allowed us to confirm the presence of a pattern, measure ∆ν with high accuracy (±1 µHz = 0.0864 d −1 ) and disentangle different possibilities in the most complicated cases (GH13a).
It is expected that in certain cases periodicities appear as a submultiple of the large separation (see GH09 and GH13a). The cases where half of ∆ν is found, i.e., for HD 172189 and HD 159561, were expected from theory (Pasek et al. 2012 ). The moderate rotator KIC 4544587 shows ∆ν/4 as the most prominent peak in the Fourier transform analysis. Interestingly, this peak corresponds to twice the rotational splitting. Estimates of the rotational splittings were obtained using the projected equatorial rotation velocity. We interpreted the radius derived from the binary analysis of the system as the equatorial radius, and the inclination angle of the system as the inclination of the rotational axis (see Sec. 7).
Although CID 105906206 is a slow δ Sct rotator, its oscillation spectrum presented more difficulties in the analysis than the other stars in the sample. The reason for that could be the evolved state of this star, as inferred from its fundamental parameters. An evolved star will present avoided crossings, blurring the large separation pattern. For this reason, it has a 2 µHz (= 0.1728 d −1 ) uncertainty in the value of ∆ν listed in Table 1.
Calculating the mean density
Since we are dealing with objects affected by the centrifugal force, we tried to avoid the spherical approximation in all of our calculations. That is why we used the Roche model approximation (e.g. Maeder 2009 ) to compute the mean density of each star, assuming that the measured radii correspond to the equatorial ones. The exception is HD 159561, for which we have the equatorial and polar radii.
Ideally, one would want to calculate the mean densities of realistic stellar models. However, for the sake of simplicity, it is useful to consider the mean density of a Roche model. Such an approximation was validated through comparisons with more realistic Self-Consistent Field (SCF) models (MacGregor et al. 2007 ). Hence, they provide a reliable estimate of the geometric properties of δ Scuti stars, as long as their rotation rate is close to uniform.
The uncertainties in the mass and radius allowed us to calculate the errors in the mean densities. A standard error propagation method was used to compute them. We also assumed that the uncertainties in the equatorial and polar radii were the same.
The ∆ν-ρ relation
In Fig. 1 , we plotted all the information extracted for the sample, namely, ∆ν,ρ and Ω, in a log ∆ν versus logρ diagram and indicated the rotation rate via the colours of the symbols. The rotation rates were computed using the information from binary analysis (see Sec. 7). These symbols follow a clear linear trend. A weighted linear fit, taking uncertainties as weights, gave the following expression:
A normalization by the solar values (with ∆ν ⊙ = 134.8 µHz, Kjeldsen 2008) is useful because it allows us to compare this trend with the scaling relations from Suárez et al. (2014), and Tassoul (1980) for solar-like pulsators, as depicted in Fig. 1 .The uncertainties correspond to the 95% confidence bounds on the coefficients of the linear fit.
To within the uncertainties, the slope of the linear trend fits the results found with non-rotating models, but this trend is offset by a multiplicative constant in comparison with the solar-like scaling relation. This was expected since the regime of δ Sct pulsations is different from the latter, but the agreement with the non-rotating case is the sign of the invariance of the relation with rotation as predicted by Reese et al. (2008) .
Thus Fig. 1 confirms several hypotheses. The main one is that the large frequency separation calculated in the low order regime (relevant to δ Sct stars) is still related in a simple way to the mean density of the star, thereby enabling us to determine this quantity without additional information. The second consequence is that this relation does not depend on the rotation rate as clearly shown in the plot and discussed in detail in the following section.
The independence of the ∆ν-ρ relation respect to rotation
The binarity allowed us to estimate the rotation rate of the star. We assumed the rotation axis to be perpendicular to the orbital plane of the binary system, which is adequate in most cases. Using the observed values for the radius and the projected equatorial rotation velocity, v ·sin i, with i being the inclination of the rotation axis with respect to the observer, we computed the rotation rate, Ω. We expressed the results in units of Ω K , Ω K being the Keplerian break-up rotation rate, which is approximately the maximum velocity for which the star does not lose mass due to the centrifugal acceleration. We did not include uncertainties in the Ω values, since they are only estimates and do not alter the conclusions.
Computing the rotation rate allowed us to study the impact of rotation on the ∆ν-ρ relation. This is an important point, since A-type stars are usually fast rotators, as stated earlier. Indeed, our sample covers a wide range from 0.0754 to 0.88Ω K , this upper limit being reached by HD 159561 (Monnier et al. 2010 ). An invariance of the trend with respect to rotation rate will mean that ∆ν is a really useful new observable for δ Sct stars.
This invariance was already theoretically predicted by Reese et al. (2008) . For a series of 2D rotating polytropic models with Ω/Ω K = [0, 0.6], they showed that ∆ν is related to the mean density and that the ratio ∆ν/ρ is almost constant at any rotation. We wanted to compare our findings with those theoretical predictions. To that end, we have reproduced Fig. 2 of Reese et al. (2008) but using a new set of 2 M ⊙ SCF models (Reese et al. 2009 ) instead of polytropic ones, and adding the results of the analysis presented here. The final plot can be seen in Fig. 2 .
The SCF models were computed up to 0.8 Ω K , so they did not account for the high rotation rate of HD 159561. In any case, it is clear that an almost constant trend is preserved. In addition, one may notice that our sample is grouped around a value of 1.1 in the y-axis, instead of 1.2 found in the modelling. One possible explanation is that the set of modes used in the theoretical calculations have higher radial orders than in the stars. It is extremely time consuming to look for low order p modes in the theoretical calculations as they tend to get lost in a sea of g-modes.
Nonetheless, the important conclusion of the conservation of the ∆ν-ρ relation with rotation does not change. This implies that non-rotating models might be useful to estimate not only the mean density of the star but, in some cases, other characteristics, such as the evolutionary stage. Simple comparisons with non-rotating stellar evolution models, taking into account the usual observables, effective temperature, surface gravity and metallicity (T eff , log g, [Fe/H]), as -Large separation-mean density relation obtained for the 7 binary systems of our sample. A linear fit to the points is also depicted, as well as the solarlike scaling relation (Tassoul 1980 ) and the theoretical scaling relation for non-rotating models of δ Sct stars (Suárez et al. 2014) . Symbols are plotted with a gradient colour scale to account for the different rotation rates. well as ∆ν from this work, provide such information (Hareter et al. 2014 ). This is not a measure of the age but an indicator of the stage within the evolutionary sequence of the star. For instance, the low ∆ν value of CID 105906206 and HD 172189 could be the indicative of an evolved state, as it is also suggested by their fundamental parameters.
Conclusions
In this work, we present a scaling relation between a frequency pattern in the pulsation spectra of δ Sct stars (equivalent to the large frequency separation in solarlike stars) and their mean density. We used eclipsing binaries in which one of the components is a δ Sct pulsator to precisely determine the mass and the radius of the stars in the system, and satellite observations to derive the frequency pattern in the pulsating component. Our result is formally the same as the theoretical relation found by Suárez et al. (2014) using non-rotating models. Indeed, Suárez et al.'s relation lies within our 1-σ error bars.
Our scaling relation is analogous to that found in solar-like pulsators apart from a multiplicative offset. This difference could be due to the different pulsating regimes in which the periodicity is identified. For the large separation it is the asymptotic regime, whereas for δ Sct stars it is the low radial order region, closer to the fundamental radial mode.
From the mean density it is possible to identify the fundamental radial mode of the star. This result, together with the Echelle diagram and comparisons with realistic 2D rotating models may allow us to identify pulsation modes. Such an approach represents a first step towards a reliable mode identification method for δ Sct stars.
The second prominent result we obtained is that the relation does not depend on the rotation rate of the star. Previous theoretical works predicted the approximate invariability of the relation with rotation (Reese et al. 2008 ). The observational ∆ν-ρ relation validates these results as well as those based on more realistic 2D models.
Such invariance implies that the mean density could be accurately determined for any δ Sct star, independently of its rotation rate (at least, up to Ω = 0.88 Ω K , the highest value in the present sample). Additional information might then be derived from this parameter. If a well-determined luminosity exists, a massluminosity relation (Ibanoǧlu et al. 2006) would give the mass of the star. Once the mass is found, the radius of the star might be estimated. Using the derived luminosities of the stars from our sample, we tested the Ibanoǧlu et al.'s relation. For the main-sequence stars, the agreement on the mass was found to be within 10%. The Gaia mission (de Bruijne 2012) will also play an important role in obtaining better mass estimates.
More observations are required to increase the size of the sample. Future space missions (such as PLATO 2.0, Rauer et al. 2014 ) and ground-based asteroseismic observations will help us to refine the present ∆ν-ρ relation and thus provide mean densities with better accuracy. Also, a larger sample will allow us to understand better how rotation is related to other periodicities found in the oscillation spectrum. 
A. Pulsation frequencies of HD 172189
The system HD 172189 (CID 8170) was observed by the CoRoT satellite during the Second Long Run (LRc02). It was discovered by Martin (2003) and was studied as a detached binary system with a δ Sct-type pulsating component by Martín-Ruiz et al. (2005) .
We used a new gap-filling method that is based on an autoregressive moving average interpolation (Pascual-Granado et al. 2015) to remove the spectral window introduced by wrong data due to the South Atlantic Anomaly. This method recovers the signal as much as possible, allowing to improve the frequency determination. In addition, the curve was corrected for a decreasing trend.
The light curve has been analyzed using the SigSpec code (Reegen 2007) . We also investigated harmonics and combinations between the main peaks, as well as those related to the satellite orbital frequency f s = 161.713 µHz (13.972 d −1 ).
The frequencies used in this study are listed in Table 2 together with the most relevant parameters. Errors for the frequencies, amplitudes and phases are estimated using the approximation given in Montgomery & Odonoghue (1999) . Table 1 : Characteristics of the systems taken from the literature (see footnote for references). The information corresponds to the pulsating component (which is not necessarily the primary). 
